he secundum atrial septal defect (ASD) is a common form of congenital heart disease accounting for approximately 10% of children and 30% of adult patients with congenital cardiac defects. [1] [2] [3] [4] [5] [6] [7] Previous studies have demonstrated that right ventricular (RV) volume overload is associated with adverse left ventricular (LV) function in patients with ASD. [8] [9] [10] Recently, assessment of LV rotation has become an important approach for quantifying LV function. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, to the best of our knowledge there are no data available to date on the impact of RV volume overload on LV twist in patients with ASD. The recent development of 2-dimensional (D) ultrasound speckle tracking imaging (STI) has allowed LV torsional deformation to be evaluated noninvasively with validation against sonomicrometry and tagged magnetic resonance imaging (MRI). 25, 26 In the present study, we sought to analyze LV twisting and untwisting using the novel STI method in adult patients with ASD.
valve closure (AVC), and to mitral valve opening (MVO), was measured using pulse wave Doppler from the LV outflow and inflow, respectively. Using the Echopac 7.0 software, 1 cardiac cycle was selected for analysis from the basal and apical short-axis data sets, and the endocardial border of each short axis in the end-systolic frame was manually traced. The width of the region of interest was then adjusted to fit the whole myocardium. Next, the Echopac selected the speckles and tracked them during the cardiac cycle. At the same time, the software automatically segmented each short axis of the LV into 6 segments (inferior wall, posterior septum, anterior septum, anterior wall, lateral wall, posterior wall). The analyst verified the accuracy of the tracking with the option of subsequent endocardial retracing and adjustment of the size of the region of interest as needed. At the end, the analysis program displayed the regional and average rotation angle against time during the cardiac cycle in the apical and basal short-axis views. Counterclockwise rotation was marked as a positive value and clockwise rotation as a negative value when viewed from the apex. The tracing of the regional and average rotation (in degrees), rotation rate (degrees/s), and echocardiograms at the apical and basal short-axis levels were recorded, and the difference between apical and basal rotations at each corresponding time point was calculated, including the time derivative of LV twisting and untwisting. As in previous studies, 25, 26 LV twist and twist rate were defined as apical LV rotation and rotational velocity relative to the base. Absolute time intervals were measured and also expressed in relation to systolic duration with the time at end-systole marked as 100%. End-systole was defined as the point of AVC. As viewed from the apex, the peak value of the initial clockwise (negative) and the following counterclockwise (positive) rotation at the apex, peak value of the initial counterclockwise (positive) and the following clockwise (negative) rotation at the base, peak LV twist, peak twist rate (peak positive twist velocity), peak untwisting rate (peak negative twist velocity), untwisting during isovolumetric relaxation time (IVRT), and time from the R wave to these values were measured. Untwisting during IVRT represented the directional reversal of systolic counterclockwise twist during IVRT and was expressed as the percentage of peak LV twist: (Twistmax -TwistMVO/Twistmax) ×100%, where Twistmax was peak twist and TwistMVO was twist at MVO).
Statistical Analyses
Statistical analysis was performed with the SPSS 11.5 software program (SPSS, Chicago, IL, USA). Categorical data are presented as numbers and percentages and were compared using Fisher's exact test. Continuous variables are expressed as the mean ± standard deviation and were compared using Student's unpaired t-test. The association between LV peak twist and pulmonary-to-systemic flow ratio was analyzed by linear correlation analysis and by calculating Pearson's linear correlation coefficient. All tests were 2-sided and a probability (P) value <0.05 was considered statistically significant.
Results
Clinical and echocardiographic data in patients with ASD and matched normal subjects are shown in Table 1 . Patients with ASD had significantly higher systolic pulmonary pressure (30.5±5.3 mmHg vs 18.1±6.2 mmHg, P<0.001), smaller LVEDV (62.0±11.1 ml vs 69.9±10.1 ml, P=0.001) and lower LVEF values (65.4±5.1% vs 69.4±5.6%, P=0.001). They also had a faster heart rate (76.6±9.1 beats/min vs 70.9±11.9 beats/min, P=0.013) and more prolonged IVRT (74.8±15.6 ms vs 58.1±15.2 ms, P<0.001) in comparison with the normal subjects, whereas both the systolic blood pressure and the LVESV were comparable between the 2 groups.
LV Twisting and Untwisting in Control Subjects
As seen from the apex, the LV in normal subjects performed a systolic wringing motion with a predominantly clockwise rotation at the base and a predominantly counterclockwise rotation at the LV apex. The systolic rotation attained peak motion at the end of systole in both the apical and basal planes. Thus, peak twist developed near the end of systole (98.0±6.5% of the systolic period). During early systole, there was a short-duration counterclockwise rotation that gradually changed into a more substantial clockwise rotation at the base while there was a short-duration clockwise rotation that gradually changed into a more substantial counterclockwise rotation at the apex. A rapid recoil motion directed opposite to the systolic rotation was observed during early diastole, and the majority of LV untwisting (41.0±15.4%) occurred in the isovolumetric relaxation period. A typical image of LV torsional deformation in a normal subject is shown in Figure 1A .
LV Twisting and Untwisting in Patients With ASD
The LV apical and basal rotation, LV global twist and Values are mean ± SD. All times are expressed as a percentage of end-systole (end-systole =100%). Abbreviations see in Table 1 . and LV twist (white curve) in a 23-year-old patient with atrial septal defect. The apical rotation was similar to that of the normal subject, whereas the basal rotation was markedly heterogeneous, with an abnormally enhanced and extended initial counterclockwise rotation followed by a reduced and delayed clockwise rotation. Because of the altered basal rotation, the LV twist was reduced.
untwisting parameters in patients with ASD and matched controls are shown in Table 2 . No significant difference in peak counterclockwise rotation or time to the peak in the apex was noted between the 2 groups. However, peak basal clockwise rotation was significantly depressed (-5.4±2.8° vs -6.9±2.6°, P<0.001) and the time to the peak was significantly delayed (118.3±18.8% vs 96.1±12.6% of systolic period, P<0.001) in patients with ASD. Different to the normal subjects, the initial basal counterclockwise rotation during early systole was enhanced and extended significantly in patients with ASD. The peak basal initial counterclockwise rotation in the ASD group was 5.1±3.3°, almost identical to the peak basal clockwise rotation in the ASD group (-5.4±2.8°) and significantly higher than the peak basal initial counterclockwise rotation in the control group (1.8±1.4°, P<0.001). The duration of the basal initial counterclockwise rotation in the ASD group was also longer than that in the control group (75.4±26.7% vs 42.5±24.4% of systolic period, P<0.001). The regional rotation parameters of the different segments at the base in the ASD group were similar and characterized by a reduced and delayed clockwise rotation following an abnormally enhanced and extended initial counterclockwise rotation during early systole ( Table 3) . Because of the decreased and delayed basal clockwise rotation, the LV peak twist was reduced significantly in patients with ASD (11.9±5.9° vs 14.6±3.5°, P<0.05), as it was defined as apical LV counterclockwise rotation relative to the basal clockwise rotation. The LV torsion index (dividing the LV peak twist value by the torsion length) was also lower in patients with ASD compared with the control subjects (2.71±0.75 °/cm vs 3.20±0.69 °/cm, P< 0.05). There was a significant negative correlation between Values are mean ± SD. All times are expressed as a percentage of end-systole (end-systole =100%). Abbreviations see in Table 1 . LV peak twist and the pulmonary-to-systemic flow ratio (r=-0.56, P<0.001; Figure 2A ) and a significant positive correlation between LV peak twist and LVEF (r=0.39, P<0.01; Figure 2B ). Unlike LV twist, the LV untwisting parameters, including peak untwisting rate, time to peak untwisting rate and untwisting during IVRT, were similar between patients with ASD and normal subjects. A typical image of LV torsional deformation in a patient with ASD is shown in Figure 1B .
Discussion
This is the first study evaluating LV twisting and untwisting in patients with ASD and the major findings were as follows. First, when viewed from the apex, the normal LV performed a systolic wringing motion with a predominantly clockwise rotation at the base and a predominantly counterclockwise rotation at the apex. Most of the LV untwisting occurred in early diastole. These findings are consistent with previous studies using tagged MRI or STI. Second, basal rotation was significantly reduced in patients with ASD, characterized by a reduced and delayed clockwise rotation following an enhanced and prolonged initial counterclockwise rotation. Unlike the basal rotation, apical rotation in the patients with ASD was similar to that in the normal subjects. Third, in patients with ASD, LV global twist was depressed significantly whereas the untwisting rate remained comparable with the normal subjects.
Because STI has been used to evaluate LV torsional deformation, the rotation characteristics of several groups of healthy volunteers have been described, universally showing the wringing motion of the heart with opposite rotation at the base and apex. 25, 26, 28, 29 The reported values for LV twist ranged from 6.7° to 14.5°. In the present study, the twist values obtained from healthy volunteers of the same age and sex as patients with ASD were comparable to the data provided by Helle-Valle et al, 25 but higher than the data shown by Takeuchi et al 28 and Nakai et al. 29 These differences are likely related to the definition of the apical slice, and our definition may be closer to the apex than in the studies by Takeuchi et al and Nakai et al. Moore et al has shown that the positioning of the apical slice crucially affects the values that are measured for myocardial twist because rotation increases toward the apex. 30 Thus, the closer the apical slice is to the apex, the higher the values are for LV twist. Therefore, for comparison of data from a similar study, the use of a uniform definition for the basal and apical slices is essential.
In the present study, LV systolic twist was significantly depressed in patients with ASD compared with normal subjects. The reduction in LV peak twist was mainly attributed to significantly altered direction and magnitude of the basal rotation, while the apical rotation was similar to that in the healthy volunteers. As seen from the apex, the basal rotation in normal subjects performs a predominantly clockwise rotation, with only a short-duration initial counterclockwise rotation during early systole. However, the initial basal counterclockwise rotation during early systole was enhanced and extended significantly in patients with ASD, and the following clockwise rotation was significantly depressed and the time to starting the clockwise rotation, and to its peak value, was delayed significantly. Moreover, we found that in ASD the regional rotation characteristics of the different segments at the base were similar. The basal rotation of both the interventricular septum and LV free walls was characterized by a reduced and delayed clockwise rotation following an abnormally enhanced and extended initial counterclockwise rotation during early systole.
It is well known that fibers in the subendocardium are oriented obliquely, forming a right-handed helix, whereas fibers in the subepicardium form a left-handed helix. 31 The epicardial torsional movements dominate over the endocardial movements during systole, causing the counterclockwise systolic rotation of the apex with respect to the base, as viewed from the apex. 32 If this balance of fiber movements is changed by various interventions, the resultant LV twist pattern would also be altered. In patients with ASD, it can be assumed that the mechanical disadvantages, including the oppression from RV overload and the noncircular LV short-axis configuration, would influence the LV rotational deformation. Moreover, as these mechanical disadvantages increase toward the base, the closer the plane is to the base, the greater the rotational deformation. Thus, it is not surprising to find a comparable apical rotational movement, but a heterogeneous basal rotational deformation in patients with ASD.
In normal subjects there is a counterclockwise motion in the basal rotation during the initial phase of ejection before a dominant clockwise rotation. This phenomenon has already been described and considered to be ascribed to the earlier activation of subendocardial right-handed helical fibers than to the subepicardial left-handed helical fibers and the endocardial torsional movements dominating the epicardial torsional movements during initial systole. 11, 16 In patients with ASD, chronic RV overload might mainly influence the LV subepicardial torsional movements in the base. Consequently, LV subendocardial rotational deformation will play a leading role in the increased duration and extent of early systole, resulting in an extended and enhanced initial basal counterclockwise movement. The affected LV subepicardial torsion will also influence the duration and extension of the following basal clockwise rotation, and eventually result in impaired LV global torsion in patients with ASD.
Some studies have indicated that the basal LV rotation is minimal and not important, 13, 20 but in patients with aortic stenosis, a reduced magnitude of the basal rotation compared with normal hearts has been observed. 23, 33 Furthermore, in patients with chronic heart failure, an improvement in LVEF was associated with an increase in basal rotation, but not at the apex, after 6 months of medical therapy, 24 indicating that the basal rotation may be clinically relevant. In the present study, we demonstrated that the reduction in LV twisting in patients with ASD was mainly because of depressed basal rotation.
Systolic torsion is determined by the helical orientation of the myocardial fibers, thus allowing physiological levels of shortening and ejection. Similarly, from the biomechanical standpoint, torsional deformation increases ventricular mechanical efficiency by generating high ventricular pressure and a large ventricular ejection volume, while reducing the gradients of LV transmural fiber strain and oxygen consumption. 34, 35 Thus, it has been demonstrated that torsional deformation is a sensitive indicator of LV function. Global LV systolic function has been shown to be impaired in ASD [8] [9] [10] 36, 37 and we also found that the LVEF in patients with ASD was lower than that of normal controls. Moreover, our results showed that a lower EF in patients with ASD was associated with reduced LV torsion values. These data indicate that reduced LV twist may play a role in the impairment of LV systolic performance in patients with ASD.
LV untwisting refers to the energy stored during systole that is released in early diastole. Nikolic et al 38 39 have demonstrated that the restoring force magnitude is inversely related to ESV. Similarly, Wang et al demonstrated a significant correlation of LV untwisting to ESV in a recent study. 40 Their animal experiments showed that, at a comparable ESV, the LV untwisting rate was similar despite significant differences in LVEDV and IVRT. In the present study, LVESV did not change in patients with ASD, despite the significantly decreased EDV and prolonged IVRT. The reduction in LVEDV in patients with ASD is thought to be mostly caused by decreased left atrial systolic contribution to late diastolic ventricular filling and decreased LV distensibility as a result of compression by the dilated RV, 36, 41 rather than to impairment of LV untwisting.
Study Limitations
We did not have a gold standard for measuring LV apical and basal rotation, global twist and untwisting. However, the accuracy of STI has been validated against sonomicrometry and tagged MRI. 25, 26 The 2D STI analysis cannot track the 3D heart motion and thus cannot eliminate the errors introduced by through-plane motion. The resolution of the 2D image may be a problem in some individuals and border recognition may be another limiting factor for assessing LV rotation. However, our results were obtained using the highest frame rate that allows for accurate tracking and we also verified the tracking accuracy visually, retracing and repositioning the region of interest as needed to minimize the potential errors in STI.
Conclusions
Noninvasive assessment of LV torsional deformation was feasible in patients with ASD and matched control subjects using the novel STI method. LV systolic twist was reduced, but diastolic untwisting remained unchanged in patients with ASD. The depressed LV twist was mainly because of heterogeneous basal rotation, which was characterized by a reduced and delayed clockwise rotation following an abnormally enhanced and extended initial counterclockwise rotation during early systole.
